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With the growing worldwide demand for affordable housing and the importance of supporting and
stimulating sustainable development, the need for sustainable solutions in the affordable housing sector
is at a peak. The present paper screened about 75 construction technologies and assessed 46 of them.
The present paper presents the first results of a step wise approach to identify, assess and recommend
most promising technologies for affordable housing projects. A database was developed to store detailed
technical information about each of the technologies. A grading and ranking scheme was developed
to identify the most promising construction technologies from a sustainability perspective. The main
challenges for affordable housing production and most relevant assessment indicators were identified
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Assessment from the literature, interviews and meetings with experts. An indicator based assessment system was
Materials developed by cross-referencing the identified eight challenges with ten selected indicators. The final
Affordable ranking demonstrated that a wide variety of technologies perform strongly overall, and these range

from bio-based materials, such as bamboo and timber, to industrialized technologies, such as concrete.
Moreover, the possibilities for improvement are vast, and the option of combining different technologies

seems to be the most promising approach.
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1. Introduction

Housing is one of the most basic human needs and is a
key component in the sustainable development of a community
(Dumreicher and Kolb, 2008). In general, sustainable development
is divided into three interacting sectors: economic, environmen-
tal, and social (Keiner, 2005). From a social perspective, housing
not only offers shelter but also gives a sense of a secure future and
strengthens local communities (Arman et al., 2009). On the other
hand, the housing sector is responsible for a great deal of green-
house gas emissions, energy and material use, waste production,
and changes in land-use dynamics (U.E. UN Habitat, 2008). Finally,
from an economic perspective, houses are among the major invest-
ments that people make in their lifetimes (Maliene and Malys,
2009), and the housing sector is related to 10% of the global gross
domestic product and 7% of global jobs (UN Habitat, 2009).

The worldwide demand for affordable housing has grown in
recent decades and is expected to continue to grow (Wood, 2007).
Moreover, the affordable housing sector has been regarded as one
of the less penetrated markets by private companies (World Bank,
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2006). Thus, the affordable housing sector provides a wide range of
opportunities for development along with a series of challenges
to be overcome (Wherever, 2008). Several challenges to afford-
able housing have been put forth in the literature. The following
eight are highlighted as key challenges: scarcity of resources; lack
of sufficient funds; shortage due to urgency of demand; shortage
of skilled labour; quality control; wastage due to inefficiency; lack
of added value creation; and quality and location.

Due to the inherent complexity of the affordable housing prob-
lem, it was proposed to have a step wise approach. The first step,
from which this paper presents the results, comprehends three
parts, first a global screening of construction technologies used in
affordable housing programs; second the development of an indica-
tor based assessment system; and third a technology’s assessment
and ranking. Further steps will consider the development of life
cycle assessments for most promising technologies, considering
local factors. The final step will be a final selection process, car-
ried out with specific communities and organizations interested in
developing affordable and sustainable housing projects, to final-
ize with its implementation in form of a pilot project. Therefore,
the goal of this paper is to identify construction technologies
that will be able to sustainably provide shelter to low and low-
est income communities in urban areas of emerging economies
countries. To identify these technologies an indicator based assess-
ment system was developed. The indicators can be clustered into
the three main categories identified by the World Commission
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on Environment and Development: Economic, Environmental and
Societal (W.C.0.E.a.D., 1987). The highest-ranking technologies are
presented and studied in detail in Section 6 of this paper.

1.1. The definition of affordable housing

The concept of affordable housing is diverse and complex but
can be generally described in economic terms (Wherever, 2008).
An affordable house can be defined as a house that a family group
can acquire within a given period, which generally ranges from
15 to 30 years. This period is directly connected to the acquisition
capacity of the group and the financial support that they can obtain
in terms of loans, credits and subsidies (UN Habitat, 2009). Because
an affordable house is such a long-term investment, it should
provide added value to its owners in terms of comfort, quality and
lifespan (Jenkins et al., 2007). In this sense, affordable housing,
as discussed in this paper, is different from the concept of relief
shelter and considers the social effects of long-term habitation.
Affordable housing is defined in this paper as housing that costs
less than 200USD/m? to produce, including the costs associated
with construction and finishing details.

1.2. The need for sustainable affordable housing

When analysing global development scenarios, the building
sector is obviously of high social and economic importance in
developing and the least-developed countries. The tendency
towards urbanization in these countries is well documented, and
it is expected that 70% of the world’s population will be living in
cities by 2050 (World Bank, 2006). This trend is primarily driven
by the perception of cities as centres of wealth and prosperity
that attract people from rural areas in search of better futures
(Dumreicher and Kolb, 2008).

This increase in the global urban population will inevitably
result in a very sharp increase in the demand for housing. Unfor-
tunately, the current housing sector cannot cope with the demand
for living space (Jenkins et al., 2007). This gap between demand
and supply creates a very complex problem, driving the housing
sector towards less efficient and more-expensive solutions and
new city dwellers towards informal (and often illegal) indepen-
dent construction of dwellings (Arman et al., 2009). Independent
construction has become a widespread phenomenon in emerging
economy countries. It has driven a corresponding sense of urgency
to develop socially responsible housing solutions (Erguden, 2001)
that do not unnecessarily impact the environment and that can be
acquired by low-income family groups in a reasonable period.

The building sector is regarded by many authors as the primary
consumer of resources and energy in the modern environment
(Kavgic et al., 2010). Therefore, it is of great importance to develop
technologies to reduce negative environmental impacts and to
assess (Ali and Al Nsairat, 2009) the potential and performance
of traditional and novel ideas. Furthermore, the development of
sustainable housing projects should aim to reduce the energy and
material flows in their whole life cycle, starting on its planning and
design phases, considering their construction and use and they final
renovation or demolition (Arslan, 2007). To identify the best solu-
tion, a consistent set of indicators must be developed (Yao, 2005)
that encompass all the aspects of sustainability. Furthermore, the
assessment of sustainable construction technologies and solutions
requires the development of comparison schemes and benchmarks
that will highlight the challenges and opportunities (Monahan and
Powell, 2011) of each technology.

1.3. Key challenges of affordable housing

The development of affordable housing project as is in its
self a very complex challenge. The first step in the technologies

assessment process was to identify, which are the main challenges
for the execution of such projects. These challenges were identified
on the literature and through interviews with organizations like UN
habitat, HILTI Foundation and UNESCAP. The proposed challenges
do not claim to show the whole variety of difficulties that can
occur when providing newly constructed affordable houses but to
highlight the most commonly occurring. The identified challenges
were used to configure a matrix that relates the main challenges
with the proposed indicators. The challenges are described on the
following sections.

1.3.1. Scarcity of resources

The consumption of resources increases tremendously by the
rapid urban growth and changing living standards in emerg-
ing economies. Already today shrinking resources and upcoming
scarcities are a main issue. In case of the housing deficit this chal-
lenge means to look favourably upon the improvement of existing
methods and the establishment of innovative technologies acting
as drivers for higher efficiency or resource substitution. Financial
and technical capabilities of municipalities have to be strength-
ened and private sector has to serve all income groups. From the
construction point of view this means: producing good quality
construction materials, increasing its efficiency and reducing its
embodied energy.

1.3.2. Lack of sufficient funds

The income of households in vulnerable conditions and/or infor-
mal settlements is usually one of the lowest on given countries.
The marginal income of the target group has to be considered as
a key limitation when thinking about construction technologies.
Even though this project intends to highlight technologies that are
able to produce sound results over the whole life cycle, the ini-
tial construction costs are a key driver for the implementation of
a concept for this market segment. Being cost efficient is there-
fore assessed as key challenge for all technologies presented in this
research. As the income is typically not only low but also irregular,
the credibility of the dwellers is predominantly insufficient for the
loan taking procedure in conventional credit institutes.

1.3.3. Time shortage due to urgency of demand

The rapid urban growth asks for fast solutions however the huge
housing demand requires large volumes to be managed. Bureau-
cratic and legal burdens frequently lead to longer time spans than
needed. A clear lack of effective implementation strategies is a
major challenge that has to be tackled by the improvement of the
interface between policy instruments and reality. A lot has been
done in policy framework but its implementations is still lacking
behind.

1.3.4. Shortage of skilled labour

One important role of housing production is the generation of
new jobs, particularly for unskilled labour. Thus, technologies that
require a high skill level will face significant problem in finding
skilled and trained works among the members of the target com-
munities. Thus, technologies that require the lowest level of both
skill and training will have priority.

1.3.5. Quality control

Beside the significantly difficult access to finance funds, the
quality of the final products is one of the most relevant challenges. It
does not only affect the performance of the house but also its tech-
nical useful life. Thus, is of great relevance to control and assure
the quality of materials, and end products as well as the proper
utilization on site.
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1.3.6. Wastage due to inefficiency

The wastage of resources due to inefficient processes or tools
causes an increase in investment costs of around 12%. But beyond
the negative influence on costs, wastage also causes negative
impacts on resource consumption. A shift from in situ construction
to prefabrication and a higher standardization of work flows prob-
ably result in less quality problems and lower wastage of resources.

1.3.7. Lack of added value creation

In regard of the inadequate living conditions the dwellers lived
in before, it is important to contribute positively to the develop-
ment of the local environment. The target population is usually
embossed by political and social exclusion. One key principle is to
engage locals during planning and construction, another is to rely
on locally available materials.

1.3.8. Quality and location

Low quality products reduce the houses’ life spans and increase
the need for maintenance interventions. As mentioned in the book
“House of Form and Culture” the cultural, social and economic
norms of the specific societies must be reflected in shelter and
settlement responses (Rapoport, 1969). A second principle is that
strategic planning covering land use, tenure, livelihoods and ser-
vices have to be integrated in the method in addition to shelter
construction. Otherwise there is a danger that solutions do not
become permanent value.

1.4. Indicator selection

One of the biggest challenges for this research was select a
set of indicators that would encompass the previously described
challenges. Based on previous experiences, it was decided to start
the whole process by a clear definition of an indicator. The most
appealing definition was presented by Heink and Kowarik (2010)
describing the indicator as a measure from which conclusions on
the phenomenon of interest can be inferred. Moreover, as proposed
by Moldan et al. (2011) the main challenges of an indicator system
will relate to its use and interpretation. To minimize the impact of
this challenge a linear grading scale was applied for each indica-
tor. This process brings on its self, new challenges by reducing the
sensitivity between values, making it more difficult to rank tech-
nologies that will end up with equal scores. On the other hand,
a linear grading scale reduces the subjectivity on the assessment
process.

Another complexity was added by the enormous amount of indi-
cators and indicators set extensively described in the literature.
Most of these sets are focused on specific aspects of sustainability
or simply focus on technical components. As proposed by Jian-yi
et al. (2012) the main challenges was not the lack of indicators
but the lack of a clear process selecting them selecting indicators,
and linking them to the final objective of assessing the technolo-
gies’ sustainability performance. Therefore, the indicators were
selected based not only on its recurrent use in affordable housing
projects but also because of its connection to the program’s suc-
cess. Moreover, the great majority of these indicators are connected
with affordable housing programs that hand been built around the
world. Moreover, as proposed by Krank and Wallbaum (2011), the
weaknesses and strengths of each program was studied in relation
with its indicators system, in order to provide the background for
the final set of indicators used on the present research. The selec-
tion of indicators were further refined with the help of experts from
organizations like the HILTI foundation and UN ESCAP. The final
selection of indicators; a brief description; and its grading scale are
presented on the following section.

2. Methodology

In this paper, the methodology for screening and rating sustain-
able housing technologies consisted of three primary steps: data
collection, data processing, and technology screening.

2.1. Data collection procedures

Motivated by the diversity of building technologies and the
absence of a common exchange platform, the aim was to develop
a database with a wide range of data sources. Three major data
sources consulted were: international development organizations;
the private sector; and research institutions.

Data for the present research was collected from the published
literature about existing technologies and concepts; the databases
of organizations involved in affordable housing projects; and per-
sonal interviews with representatives of the companies producing
affordable housing technologies.

Aformat using the 18 levels of information shown in Table 1 was
developed to standardize the collected data. This format enables the
systematic study of different technologies and formed the basis for
the grading and ranking process.

2.2. Data processing

The total sample encompasses approximately 75 building tech-
nologies, from which 46 were selected for the assessment. A
database was developed with 2-4 pages of information for each
technology. The first pre-requisite on the screening process was
an economic filter that excluded any technologies with initial con-
struction costs above 200 USD/m? from further study.

2.3. Technology assessment

The indicators for assessing the construction technologies are
based on the key challenges identified in the first section of this
paper. Furthermore, through in depth study of affordable hous-
ing programs, as explained in Section 1.4 and interviews with
experts, from organizations working on the development of afford-
able housing programs, the ten most commonly used and accepted
indicators were selected. The concept of sustainability was based on
widely accepted definition, developed by the Brundtland Commis-
sion in 1987, that is: “to meet the needs of the present generation
without compromising the ability of future generations to meet
their own needs” (W.C.0.E.a.D., 1987). Based on this definition
and the present research used a triple-bottom-line approach that

Table 1
Database’ information categories.

Name of the technology

2 Information source, country of practice and reference
projects (if available)
3 Pictures
4 Building category
5 Size|dimension
6 Settlement environment
7 Construction components
8 Cost per m?
9 Building process
10 Time schedule
11 Economy of scalejmass production
12 Durability
13 Maintenance requirements
14 Modularization|flexibility
15 Potential for recycling/demolition
16 Local value creation
17 Social acceptance
18 Interface to basic services
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considers the economic, ecological and social aspects of each tech-
nology. Itisimportant to remark that most of the selected indicators
are measures of dimensions of economic, social or environmental
unsustainability which must be minimized to keep on a sustainable
trajectory. And as described by Lyon, they are guides to manage-
ment future decision and action, but they cannot guarantee sustain-
ability (Dahl, 2011). Furthermore, this approach allows the rankings
to use a flexible weighting scheme between indicators or clusters
of indicators that can help identify the weaknesses and strengths
of technologies through a sensitivity analysis. In the following sec-
tions, the assessment indicators are briefly described, and a table is
presented that contains the values used to grade each technology.

2.3.1. Initial construction costs per m?

The initial construction costs are a key determinant of the
successful implementation of a technology on the market. This
indicator addresses the key challenge “lack of sufficient funds”.
The amount listed under [USD/m?] in the ranking matrix includes
all direct and indirect costs of the superstructure including
standard equipment, such as windows, doors, inner walls and
kitchen/sanitation facilities. Furthermore, labour costs for con-
struction are included. When only the total project cost was given,
a scientific estimate of the margin was made using a ratio work
cost to material cost of 20:80. This ratio was based on the litera-
ture (Bhaskara, 1994; Mathur, 1993) and discussion with experts
from the Hilti foundation (Biirmann, 2010) working on this field.
The proposed ratio considers that most of the studied technologies
are meant to produce single family housing units; to use limited
unskilled labour (mainly future inhabitants); and to maximize the
initial investment. The price of land and infrastructure costs for
water, sewage, roads and electricity are not included in the initial
construction costs of the ranking matrix. It should be noted that the
initials costs refer to the value provided by the company referred
in the fact sheet. Labour and material costs might vary according
to country, and this must be taken into account when considering
transferring technologies (see Table 2).

Table 2
Indicator values - initial construction costs.

Initial construction costs [USD/m?] Rating

<40 USD 10
<60 USD 8
<100USD
<140USD
>180USD
N/A

[=3 SRV N}

2.3.2. Requirements of the production and construction processes
Housing construction can create a significant number of jobs.
It is important to define the skill level associated with these jobs.
This indicator focuses on skill and equipment requirements in the
development, production, and construction phases. This indicator
tackles the key challenge “shortage of skilled labour” by reducing
the rating of technologies that require high skill levels (see Table 3).

Table 3
Indicator values - requirement of the production and construction processes.

Requirements production|construction process Rating

Unskilled labour with no training or local skills traditionally 10
available, low-tech tools

Unskilled labour with short training (<2 weeks) or local skills 8
available

Unskilled labour with intensive training (several weeks) or 6
skilled workers

Advanced skills or tools required 4

Very advanced skill level or tools required 2

Information not available 0

Table 4
Indicator values - time schedule, degree of prefabrication.

Time schedule, prefabrication degree Rating

Erection of one unit <1 day 10
Erection of one unit 1-3 days
Erection of one unit <1 week

Erection of one unit <2 weeks
Erection of one unit >2 weeks
Information not available

oON DA

2.3.3. Time schedule, prefabrication degree

This indicator evaluates the importance of prefabrication, sup-
ply chains, and management, each of which are indirectly linked to
the costs (see Table 4).

2.3.4. Economy of scale, prefabrication degree

The scalability of the technology plays an important role on this
indicator, as it is indirectly linked to the initial construction costs.
As the demand for houses grows, programs that utilize economies
of scale have significant potential to reduce costs through mass
production (see Table 5).

Table 5
Indicator values - economy of scale, mass production.

Economy of scale, mass production

Immense price reduction potential 10

Significant large price reduction potential or only possible 8
with large scale approach

Decisive price reduction potential through mass production or 6
large scale approach of advantage

Minor price reduction potential through mass production 4

No significant price reduction potential through mass 2
production

Information not available 0

2.3.5. Durability

The service lifespan of the house plays a major role in the
creation of local value as well as in resource consumption. Good
indicators to assess the durability of building technology include
resistance against insects and against natural deterioration, such as
high humidity, earthquakes, flooding and wind loads (see Table 6).

Table 6
Indicator values - durability.

Durability
>40 years
>30 years
>20 years
>10 years
<10 years
Information not available

—_

ON DO

2.3.6. Maintenance requirements

The integration of maintenance requirements is relevant when
taking a holistic view of a building’s life cycle. Costs (as well as
resources) can be saved by reducing maintenance requirements.
This key indicator complements the initial construction costs by
accounting for the maintenance requirements over a building’s life-
cycle (see Table 7).

Table 7
Indicator values - maintenance costs.

Maintenance costs - interaction costs for corrective and preventive maintenance
Seldom interventions 10
Interventions of low skill and cost level

Average interventions of medium skill and cost level
Very frequent interventions

Intervention of advanced skill and cost level
Information not available

O N B Do
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2.3.7. Modularization and flexibility

This indicator captures a technology’s capacity to be delivered in
ready-engineered modules and kits as well as its flexibility to floor
plan changes. Housing design needs to be flexible to adapt to the
different needs of each location and cultures. This mainly aiming at
a future the expansion of a building unit to better satisfy the family
unit’s space needs (see Table 8).

Table 8
Indicator values - modularization and flexibility.

Modularization and flexibility

High flexibility in case of change of use

High modularization

Medium modularization or medium flexibility in case of change of use
Low modularization

Low flexibility in case of change of use

Information not available

—_

ON A~ OO

2.3.8. Local value creation

This indicator evaluates integrated design features that include
communities on both design and production process of socially
accepted architecture. Moreover, housing schemes that fulfil mixed
functions and provide broad socio-economic to the locals are pre-

ferred (see Table 9).
Table 9
Indicator values - local value creation.
Local value creation B material availability
Available in the country own open market with high potential for 10
large scale use
Available in the country own open market with medium potential 8
for large scale use
Available in the country potential market (not currently 6
commercial)
Large degree of import 4
Not available on the local market 2
Information not available 0

2.3.9. Interface to basic utilities

This indicator accounts for how each specific technology can
be connected with existing infrastructure such as drinking water,
sewage, waste disposal and housing amenities (e.g. ventilation,
lighting, heating, and energy) (see Table 10).

Table 10
Indicator values - interface to basic services.

Intersection to infrastructure and housing techniques
Integrated within construction process, reduced efforts
Minimal effort for integration

Additional processes required such as wall chasing
Large effort for integration

Only exposed possible

Information not available

Ju

ON SO

2.3.10. Recycling and demolition ability

This indicator considers the potential and required effort for
demolishing and recycling the main construction components of
a building (see Table 11).

Table 11
Indicator values - recycling and demolition ability.

Recycling and demolition ability

High degree of recycling

Low demolition effort

Medium degree of recycling and demolition effort
High demolition effort

Low degree of recycling

Information not available

—_

ON DO

Overview key challenges and assessment criteria.

Table 12

Interface

Time schedule, Economy of Modularization Durability =~ Maintenance Recycling Local value
and flexibility needs

prefabrication
degree

Requirements

building

Cost per m?

Key challenges

infrastructure
and housing
techniques

creation - labour,

material

potential,

scale, mass
production

(superstructure

only)

demolition
ability

process, skills

Scarcity of resources

Has to be tackled by a business model

Lack of sufficient funds

Xox X X
X

X XX
XX

X

X XX
Xox X X
XX X X
X

Shortage due to urgency of demand
Shortage of skilled labour

Quality control

Wastage due to inefficiency

Lack of added value creation

Quality and location

357
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2.4. Overview challenges and indicators

Table 12 presents how the identified challenges relate to
the proposed indicators. It can be observed that many indica-
tors are able to assess the ability of a building technology in

more than one key challenge. This show on one hand that the
proposed set of indicators covers the whole spectre of chal-
lenges for affordable housing and in the other hand indicates
that the set can still be refined without losing sensitivity on its
assessment.

BAMBOO

Bamboo Colums with traditional bamboo panels ]
Bamboo or Bamboo Woad Frame with different..
Bamboo filled with straw balls bamboo |

>lybamboo wall mat panels (bamboo or timber joints) ]
'lybamboo wall strip panels (bamboo or timber joints) ]
Bambusbeton (Bambus als Zuschlagsstoff) ]
CONCRETE |

Prefab Large Concrete Panels

Cellular Concrete Panels with foaming agent and..
Hollow Concrete Panel with fibre or wire..
Concrete Panels/Bricks with agro waste fibres
Concrete Hooking Panel

Hollow Concrete Block with Mortar

Core Housing with Hollow Concrete Blocks
Interlocking Hollow Concrete Block Mortarless
Safe(R) House

Conventional Reinforced Concrete Frame with Brick&..
Insitu Concrete, Aliminum Formwork

Insitu Concrete, Plastic Formwork

EARTH / SOIL (with CEMENT) ]

Rammed earth walls |

Wattle and Daub |

Adobe Blocks, handmade, sun gried, no cement ]
Stabilized Compressed Soil Cement Blocks
Stabilized Compressed Soil Blocks with Enzyme |

Stabilized Compressed Soil Blocks with Fibres..

‘ement Waste Slag Blocks / Cinder Blocks (flyash 93%)

Fal-G Brick

Interlocking Hollow Cement Earth Block Mortarless

Burned Red Clay Bricks and Tiles

Hollow Masonry Bricks with Rat Trap Bond, Vertical..:

METAL

Streel Frame, Earth Block Cladding ]

Streel Frame, burnt Brick Cladding
Steel Frame, Cladding out of mesh reinforced plaster
Steel Frame, Polystyrol Cladding

Metall Panels and Steel Frame s

NATURAL STONE
Pumice Panels
Massive stone masonry block walls
Precast Stone masonry block walls
SYNTHETICAL MATERIAL
Polystyrol EPS Walls
Insulated Concrete Forming System
TPR, Thermo Poly Rock, Low Carbon Housing
TIMBER
Timber Panel House with RCC Columns
Massive Timber Plug-In System

Timber frame, Stilt House
Prefabricated Core Housing
OTHERS
Paper Honey Combs
Paper Log House

Fig. 1. Sustainability assessment of construction technologies.
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8.00 ¢

6.95

7.60 -
713
7.00 ——
6.83
650 -
6.00 -
el 5.48
5.30
500 § . | |
BAMBOO CONCRETE ~ EARTH/SOIL METAL
(with CEMENT)

NATURAL STONE SYNTHETICAL

6.73

6.10

TIMBER OTHERS

MATERIAL

Fig. 2. Average per construction technology category.

3. Results

The final screening showed that the data had standard devi-
ations of 0.98 showing that the results are very compact and
distributed over a relatively short range. Fig. 1 shows that there
is no perfectly ranked technology under the proposed set of indica-
tors. Only a few technologies were even ranked at the top of three
categories. These results demonstrate that the studied technolo-
gies each have specific strengths. Many of them can be considered
promising depending on the emphasis of a particular housing
project. The final ranking also shows that the best-performing tech-
nologies overall are not the best technologies in each category but
rather are those technologies that obtained average and above-
average results in each category.

3.1. Average per material’s group

Fig. 2 presents the results of the assessment aggregated by cat-
egory. This approach helps to identify promising technologies in a

general level and not simply identify individual over performing
cases, which can be only applied on specific contexts. From graphs
2 it is clear that bio based technologies have the highest scores
followed by industrialized products as concrete and synthetically
materials. While the categories metal and earth/soil obtained the
lowest marks.

3.2. Average per assessment indicator

Fig. 3 presents the average results studied per indicator. These
results show that the studied sample of technologies perform very
well in terms of local added value creation; its recycling ability and
the skills requirements. On the other hand, it is clear that there
is significant room for improvement in relevant indicators such as
cost per square meter, economy of scale and durability among oth-
ers. Furthermore, more research and efforts should be allocated
to further develop technology’s performance on the low scoring
indicators.

8.0

7.5

7.2

7.0

6.5

6.0

5.8

55 54

[5)]
~

5.3

5.0

Costperm? Requirements Time

(superstructure  building Schedule,  Scale, Mass  and Flexibility
only) process, Skills Prefabrication  Production
Degree

Economy of Modularization  Durability

77 7.8
6.6
6.0
5.7

Maintenance  Recycling Local valug Interface
is Potential, ~ creation- labor, infrastructure
Demolition material and housing

Ability techniques

Fig. 3. Average per assessment indicator.
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8.1
8.0/

|
7.9
7.8}
73
7.6/}
7.5}
7.4}

74 74 74
73 — — —
72 — — —
71
Bamboo Bambooor  Plybamboo  Plybamboo Hollow Concrete Interlocking Polystyrol EPS Timber Panel Timber frame,
Colums with Bamboo Woodwall mat panels  wall strip  Concrete Panel Hooking Panel Hollow Walls House with  Stilt House
traditional Framewith  (bamboo or panels with fibre or Concrete Block RCC Columns
bamboo panels different cover timber joints)  (bamboo or wire Mortarless

panels

timber joints) ~ reinforcement

Fig. 4. Top technologies in the egalitarian and hierarchical weighting schemes.

3.3. Top technologies

Fig. 4 shows the top performing technologies under an egali-
tarian weighting schemes. It is possible to observe that these top
technologies each achieved a score of 7.4 or higher in the assess-
ment process. These technologies can be considered to be the most
promising technologies, and their performances can certainly be
improved with further research and development. As it was already
identified in Section 3.1 the top scoring technologies belong to
the categories bamboo, concrete, syntactical materials and timber.
Having the interlocking hollow blocks technologies as the top rank-
ing technology, closely followed by other concrete technologies.

To identify the strengths of these technologies, the results in
each sustainability category are presented in the following sections.
To represent the economic, environmental and societal aspects of

the concept of sustainability clusters of indicators were selected.
In order to obtain comparable results, independently of the size of
the indicator cluster, the final results were normalized into per-
centages.

3.4. Top technologies — economy

The assessment tool is divided into three main indicator clus-
ters, economy, environment, and social. Each cluster is composed
by different amount of indicators. Therefore, the results per clus-
ter are presented in percentages related to the maximal score they
could achieve per cluster. The top technologies were distributed in a
range of 16% points and several technologies achieved equal scores.
These two facts already show that a decision making process based
only on one of the cluster will not provide conclusive results. For
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Fig. 5. Top technologies - economy.
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Percentage (%)

Fig. 6. Top construction technologies - environment.

the economy cluster the most influential indicators were the cost
per square meter, the requirements of the building process, and the
combined time schedule/degree of prefabrication. This shows that
technologies that can be easily erected in short time, with a min-
imum investment are preferred, indicating that prefabricated and
industrialized products will tend to perform better in this category
(see Fig. 5).

105

3.5. Top construction technologies — environment

The results for the environment cluster have a range of 20%
points and again several technologies achieved equal marks indif-
ferently from the material category they belong to. Nineteen
technologies were ranked as top for this cluster. This shows
that technologies with promising environmental performance are
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362 H. Wallbaum et al. / Ecological Indicators 18 (2012) 353-364

4 4
4 -
ad
2 +—
14
o] 0
BAMBOO CONCRETE EARTH/SOIL METAL
(with CEMENT)

0 0
NATURAL SYNTHETICAL  TIMBER OTHERS
STONE MATERIAL

Fig. 8. Number of top ranking technologies by material category.

available in a good number. Nevertheless, a detailed life cycle
assessment, where local factors like energy sources and transporta-
tion costs are considered, needs to be carried out in order to clearly
identify the most promising technologies. The results also showed
that the technologies achieving high scores on the indicators dura-
bility and/or recycling potential were selected as top technologies.
Thus, showing the relevance of these indicators for the technolo-
gies’ environmental performance (see Fig. 6).

3.6. Top technologies — society

The society cluster consists of two indicators. The top technolo-
gies on this cluster are distributed in a 20% point range. Seventeen
technologies were ranked as top and all of them achieved high
scores (see Fig. 7).

This shows that the available technologies have great potential
for the creation of local value, either in terms of labour or materials.
Itis also clear that materials which are locally available or produced
in situ will obtain higher scores given the proposed set of indicators.

The balance between environmental, social and economic fac-
tors is a key to the development of sustainable and affordable
housing. Moreover, it is possible to consider the negative rebound
effect for example obtaining increased durability by raising the
price per square meter or to use industrialized technologies to
reduce cost and increase efficiency but simultaneously reduce local
value creation.

4. Discussion

This paper assessed construction technologies that will be able
to sustainably provide shelter to low and lowest income commu-
nities in urban areas of emerging economies countries and have
all already been used in practice. For the identification of promis-
ing technologies a set of 10 sustainability indicators have been
developed based on a literature review and personal interviews.
Furthermore criteria for grading from 0 to 10 with intermedi-
ate steps of 2 and linear ranking solutions were developed. In
total 46 technologies have been assessed against the sample of
sustainability indicators covering all material groups from bio-
fibres to metals and from long term established to pilot phase
constructions.

The findings showed that all material groups were represented
in the top technologies; in many cases, these technologies enable
the use of local materials. Socio-cultural and climatic condition

can also possibly be addressed by the top technologies because of
their diversity. Generally, the level of information about these top
technologies is high, making the evaluation reliable.

Improving the quality of the information in the database would
certainly the improve validity of these results. In addition, some
technologies are closely connected with regional programs and
enjoy high levels of local acceptance despite having objective
restrictions and drawbacks.

Fig. 8 shows that material’s groups earth/soil; metal; natural
stone; and others had no technologies ranked at the top. This is a
clear indication that highly industrialized construction techniques
(such as steel frames, polystyrene cladding, and metal panels from
the “metal” category or paper honey combs and rapid prototyp-
ing from the “others” category) do not represent optimal solutions
to the sustainable affordable housing problem given the current
conditions and indicators.

The categories “timber” and “synthetic materials” show a very
interesting trend. On one hand, timber products maintain its
position as a prominent alternative technology despite claims of
low environmental and social performance in many developing
countries, but their performance can be improved with new models
of production and certification. Moreover, education and research
intimber construction have avery long tradition, making it an easily
accessible technology with enough knowledge and regulatory sup-
port. On the other hand, synthetically produced materials are on the
rise, and these new and innovative products present very interest-
ing approaches to the challenges of sustainable affordable housing.
However, there are serious concerns about their environmental
performance and about the local value that they can produce in
the long and short terms.

Finally, the two top-ranking material groups are to some extent
inherently opposed, but each has undeniable strengths on its own.
The case of concrete is very special, as many authors regard it as
one of the most energy-demanding, carbon emission intensive
and waste-producing construction materials; at the same time, its
versatility is difficult to match. Beyond its well-known durability
and mechanical strength, concrete can be easily mixed with
other construction materials, it can be produced either at large
industrial scales or at the local handcrafted level, and there is a
long tradition of concrete construction education and research.
These results show that there is a promising future for concrete in
the sustainable affordable housing sector, although there remain
areas for improvement, including the negative environmental
impacts from cement production, the difficulty in dismantling and
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recycling concrete structures, and the socio-economic implications
associated with its production.

The “bamboo” group presents a totally different situation and
challenges. One of the most important challenges is social accep-
tance; the association of bamboo with poverty has discouraged its
introduction to the affordable housing sector. Moreover, knowl-
edge of bamboo construction is not widespread, and bamboo
construction is unregulated in most countries. Additionally, bam-
boo construction techniques are rarely taught in architectural or
civil engineering faculties in bamboo-producing countries; thus,
research into bamboo construction lags behind other construction
techniques. Another challenge for bamboo is the lack of research
and development of its mechanical properties and the possibilities
for standardization. These two factors play a significant role in the
quality and durability of the final buildings. Without them, bamboo
construction techniques will be relegated to small-scale affordable
housing programs. On the bright side, bamboo has a very strong
environmental performance record that is coupled with the highest
natural growth rate in the botanic world. It must be noted that bam-
boo grows naturally in the countries where the demand for housing
is highest. It is clear that there are many opportunities for bamboo
and that more research is needed into both its mechanical and con-
struction properties and also its socio-economic aspects. Bamboo
also offers interesting opportunities for rural and sub-urban com-
munities to develop new business models and products to help
solve the sustainable affordable housing crisis and to improve their
livelihoods.

5. Sensitivity analysis

To assess the reliability of these results, a number of different
weighting schemes were developed. In general, it was found that
changes to the percentages allocated to each indicator or cluster
of indicators resulted in minimal changes in the material category-
level rankings and the overall performance. One weighting scheme
was developed considering weighting economy by 55%, society by
30% and environment by 15%. This very significant variation in the
allocated percentages, compared to the evenly distributed percent-
ages used, only changed the rankings of four out of the ten top
technologies.

Furthermore, all of the top-ranked technologies in both schemes
(egalitarian and inverted hierarchical) presented improved perfor-
mance in the economically oriented scheme. It is also important
to note that even under the extreme condition of allocating 55% to
the economy category, the material categories “steel” and “others”
are still excluded from the top technologies, while the “bamboo”
and “concrete” categories increased their representation under this
weighting scheme.

6. Conclusions

After screening, assessing, and ranking 46 different construc-
tion technologies against 10 sustainability indicators, it is possible
to conclude that the most promising technologies are closely
connected to local production of materials. Under the proposed set
of indicators and weighting factors, the most strongly performing
technologies are those associated with either bio-based products
(such as bamboo and timber) or with industrialized products (such
as concrete or synthetic materials). This is a clear indication that
there are opportunities underlying many technologies and that a
deeper study of the top-ranking technologies is required.

Furthermore, the strengths of the top-ranking technologies
can be associated with either their mechanical and environmental
performance or with their socio-economic aspects. From the
assessment process, it can be concluded that there is no perfect

solution to the sustainable affordable housing problem, but that
combining multiple top-ranking technologies can provide an
optimized solution. Considering that none of the top technologies
achieved a maximum ranking in all the proposed indicators, it
is possible to conclude that technologies should be strategically
selected based on their relative strengths, which will result in the
development of novel innovative materials and techniques in the
affordable housing sector.

The results also showed that no technology achieved a grade
higher than 8.0 out of 10, indicating that these technologies still
have room for improvement. On one hand, the more traditional
technologies need to be developed with the aim of achieving more
standardized and flexible solutions within the framework of sus-
tainable business models. On the other hand, the environmental
and socio-economic performance of the more industrial solutions
needs to be improved while maintaining their competitive pres-
ence in the market. Moreover, it is important to remark that the
indicator system is far from perfect and the assessment process
needs to be further developed aiming to reduce subjectivity and
biased inputs.

Finally, having such a diverse range of top-ranking technologies
demonstrates that there is enough technological variety available
to tackle the challenges related to the varying local conditions of
sustainable affordable housing projects. This variety also indicates
the feasibility of combining technologies to alleviate affordable
housing demand. Furthermore, it demonstrates that the most sus-
tainable solutions for affordable housing projects are the solutions
that maximize the potential of available construction materials and
techniques. To demonstrate the feasibility of applying these tech-
nologies, it is necessary to develop studies that consider regional
factors in depth. Furthermore, practical applications of these
technologies will highlight the strengths and drawbacks of each
technology. It is expected that further steps on this approach will
help to validate the selected indicator and will identify new ones
while simultaneously improving the reliability of the database.
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